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Abstract
We consider minimal modifications to tribimaximal (TBM) mixing matrix which accommodate
non-zero mixing angle θ13 and CP violation. We derive four possible forms for the minimal modifi-
cations to TBM mixing in a model with A4 flavor symmetry by incorporating symmetry breaking
terms appropriately. We show how possible values of the Dirac-type CP phase δD can be predicted
with regards to two neutrino mixing angles in the standard parametrization of the neutrino mixing
matrix. Carrying out numerical analysis based on the recent updated experimental results for neu-
trino mixing angles, we predict the values of the CP phase for all possible cases. We also confront
our predictions of the CP phase with the updated fit.
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I. INTRODUCTION
Establishing leptonic CP violation (LCPV) is one of the most challenging tasks in future
neutrino experiments [1]. The relatively large value of the reactor mixing angle measured
with a high precision in neutrino epxeriments [2] has opened up a wide range of possibilities
to explore CP violation in the lepton sector. The LCPV can be induced by the PMNS
neutrino mixing matrix [3] which contains, in addition to the three angles, a Dirac type CP
violating phase in general as it exists in the quark sector, and two extra phases if neutrinos
are Majorana particles. Although we do not yet have compelling evidence for LCPV, the
current global fit to available neutrino data indicates nontrivial values of the Dirac-type CP
phase [4, 5]. In this situation, it must deserve to predict possible size of LCPV detectable
through neutrino oscillations. From the point of view of calculability, much attention has
been paid to the prediction of the Dirac type LCPV phase with regards to some observables
[6]. Recently, it has been shown [7] that Dirac-type leptonic CP phase can be particularly
predictable in terms of neutrino mixing angles in the standard parameterization of PMNS
mixing matrix [8].
Before the measurements of the reactor mixing angle, the fit to neutrino data was con-
sistent with the so-called tribimaximal (TBM) neutrino mixing matrix, UTBM0 , which is
theoretically well motivated flavor mixing pattern [9]. However, it should be modified to
accommodate non-zero reactor mixing angle as well as CP violation. Although the current
neutrino data rule out the exact TBM mixing pattern, it can be regarded as leading or-
der approximation. Among various possible modification to UTBM, as discussed in [7], the
minimal modificaton is useful to predict Dirac type CP phase. The minimal modification is
to multiply UTBM0 by a rotation matrix in the (i, j) plane with an angle θ and a CP phase
ξ, Uij(θ, ξ), whose form is given either U
†
ij(θ, ξ)U
TBM
0 or U
TBM
0 Uij(θ, ξ) [10]. Among them,
U †23(θ, ξ)U
TBM
0 and U
TBM
0 U12(θ, ξ) are ruled out because they lead to zero reactor mixing
angle. So, all possible forms of minimal modification to TBM mixing matrix are as follows:
V =

UTBM0 U23(θ, ξ) (Case–A),
UTBM0 U13(θ, ξ) (Case–B),
U †12(θ, ξ)U
TBM
0 (Case–C),
U †13(θ, ξ)U
TBM
0 (Case–D).
(1)
While the study in [7] has not accounted for the origin of such modification to UTBM0 ,
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in this paper, we first study how such a minimally modified TBM mixing pattern can
be achieved in a neutrino model with A4 flavor symmetry by incorporating A4 symmetry
breaking terms appropriately. Then, following [7], we investigate how the Dirac type CP
phase can be predicted based on the updated fit results for neutrino mixing angles [5]. As
shown later, comparing with the results obtained in [7], the Dirac type CP phase predicted
based on the updated fit results has different implication particularly at 1σ C.L.
II. MINIMAL MODIFICATIONS TO TRI-BIMAXIMAL MIXING IN A4 SYM-
METRIC MODEL
In [11], an A4 symmetric model for neutrino masses and mixing has been proposed to
accommodate non-zero mixing angle θ13 on top of TBM mixing. Based on the A4 symmetric
model, we study how the forms given in Eq.(1) can be derived by incorporating appropriate
A4 symmetry breaking terms.
A. Case-A
As proposed in [11], A4 flavor symmetry allows the charged-lepton mass matrix to be
diagonalized by the Cabibbo-Wolfenstein matrix [12],
UCW =
1√
3

1 1 1
1 ω ω2
1 ω2 ω
 , (2)
where ω = e2pii/3, with three independent eigenvalues, me,mµ,mτ . This can be realized by
the lepton assignments, Li = (νi, li) ∼ 3, lc1 ∼ 1, lc2 ∼ 1′, lc3 ∼ 1′′ with 3 Higgs doublets
Φi = (φ
0
i , φ
−
i ) ∼ 3. Introducing 6 heavy A4 Higgs singlets and triplet:
η1 ∼ 1, η2 ∼ 1′, η3 ∼ 1′′, ηi(=4,5,6) ∼ 3, (3)
where ηi = (η
++
i , η
+
i , η
0
i ), one can obtain the neutrino mass matrix in the A4 basis [11]
Mν =

a+ b+ c f e
f a+ ωb+ ω2c d
e d a+ ω2b+ ωc
 , (4)
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where a comes from < η01 >, b from < η
0
2 >, c from < η
0
3 >, d from < η
0
4 >, e from < η
0
5 >,
f from < η06 >. To achieve TBM mixing pattern of the neutrino mixing matrix, A4 flavor
symmetry should be broken to Z2 in such a way that b = c and e = f = 0. Then, the
neutrino mass matrix in the flavor basis where the charged lepton mass matrix is diagonal
is given by
M (e,µ,τ)ν = U
†
CWMνU
∗
CW =

a+ (2d/3) b− (d/3) b− (d/3)
b− (d/3) b+ (2d/3) a− (d/3)
b− (d/3) a− (d/3) b+ (2d/3)
 , (5)
which is diagonalized by the TBM mixing matrix UTBM0 . To achieve non-zero mixing angle
θ13 so as to accommodate neutrino data from reactor experiments, we take b = c and
e = −f ≡  6= 0 in Eq.(4), and then the neutrino mass matrix in the A4 basis is given by
Mν =

a+ 2b  −
 a− b d
− d a− b
 . (6)
In the flavor basis, the neutrino mass matrix can be rewritten as
M (e,µ,τ)ν =

a+ (2d/3) b− (d/3) b− (d/3)
b− (d/3) b+ (2d/3) a− (d/3)
b− (d/3) a− (d/3) b+ (2d/3)
+ i√3

0 − 
− −2 0
 0 2
 . (7)
Rotating the mass matrix given in Eq.(7) by TBM mixing matrix, we get
a− b+ d 0 0
0 a+ 2b X
0 X b− a+ d
 , (8)
where X =
√
2i and non-zero entries are complex in general. It can be easily shown that
the mass matrix given by Eq.(7) can be diagonalized by
V ′ = UTBM0

1 0 0
0 cos θ − sin θe−iξ
0 sin θeiξ cos θ
 · Pβ, (9)
where Pβ = Diag[e
iβ1 , eiβ2 , eiβ3 ].
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Now, let us check testability of the cases in this neutrino model by taking into account the
sum-rules among the light neutrino masses [13]. In the leading order, the mass eigenvalues
are given by m01 = a− b + d, m02 = a + 2b, m03 = b− a + d, and thus we get the mass sum
rules
m03 = m
0
2 +m
0
1, for a = 0,
m01 = 2m
0
2 +m
0
3, for b = 0. (10)
Inclusing the perturbation given by the second matrix in Eq.(7), we get the following sum
rule,
mˆ2 + mˆ3 = mˆ
0
2 + mˆ
0
3, (11)
where mˆ2 ≡ m2e−iξ, mˆ3 ≡ m3eiξ, mˆ02 ≡ m02e−iξ, mˆ03 ≡ m03eiξ with mi(=1,2,3) representing the
mass eigenvalues obtained by diagonalizing the mass matrix Eq.(8). Plugging Eq.(10) into
Eq.(11), we can get the following sum rules for ξ = 0, pi, 2pi,
m1 +m2 −m3 = 2 δm2, for a = 0,
2m2 +m3 −m1 = δm2, for b = 0, (12)
where δm2 ≡ m2 −m02 and we have used m1 = m01. The sum rules for ξ = pi/2, (3pi/2) are
m1 +m2 = m3, for a = 0,
2m2 +m3 −m1 = 3 δm2, for b = 0. (13)
B. Case-B
To realize the case B, we add the breaking terms δMν to Mν in the A4 basis, which is
given by
δMν =

g + h 0 0
0 ωg + ω2h 0
0 0 ω2g + ωh
 =

0 0 0
0 A 0
0 0 −A
 , (14)
where g = −h and A = √3ig.
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Then, the matrix given in Eq.(14) becomes in the flavor basis as follows:
0 g −g
g −g 0
−g 0 g
 . (15)
Then, the mass matrix Mν + δMν can be diagonalized by
V = UTBM0

cos θ 0 − sin θe−iξ
0 1 0
sin θeiξ 0 cos θ
 · Pβ. (16)
For the case B, the sum rules at the leading order are the same as Eq.(10). Including the
perturbation given by the second matrix in Eq.(15), we get the following sum rule
mˆ1 + mˆ3 = mˆ
0
1 + mˆ
0
3, (17)
where mˆ1 ≡ m1e−iξ, mˆ3 ≡ m3eiξ, mˆ01 ≡ m01e−iξ, mˆ03 ≡ m03eiξ, with mi(=1,2,3) representing the
mass eigenvalues obtained by diagonalizing the mass matrix Mν + δMν . Plugging Eq.(10)
into Eq.(17), we can get the following sum rules for ξ = 0, pi, 2pi,
m3 −m2 −m1 = 2 δm3, for a = 0,
m3 + 2m2 −m1 = 2 δm3, for b = 0, (18)
where δm3 ≡ m3 −m03 and we have used m2 = m02. The sum rules for ξ = pi/2, (3pi/2) are
m1 −m3 +m2 = 0, for a = 0,
m1 − 2m2 −m3 = 0, for b = 0. (19)
C. Case-C
The case C can be realized by adding the A4 breaking term δMl to the charged lepton
mass matrix Ml :
δMl =

g1v1 g2v1 0
g1ωv2 g2v2 0
g1ω
2v3 g3v3 0
 . (20)
6
Taking v1 = v2 = v3 and g1 = g2 = g, the matrix given by (20) becomes
δMl =

gv gv 0
gωv gv 0
gω2v gv 0
 = UCW

0 g 0
g 0 0
0 0 0
√3v. (21)
Due to the addition of δMl, the PMNS mixing matrix should be changed to U
†
12(θ, ξ)U
TBM
0 Pβ.
For Case C, the sum rules are given by Eq.(10).
D. Case-D
Similarily, the case D can be achieved by adding the following matrix δMl to the charged
lepton mass matrix Ml:
δMl =

g1v1 0 g2v1
g1ω
2v2 0 g2v2
g1ωv3 0 g3v3
 . (22)
Taking v1 = v2 = v3 and g1 = g2 = g, the matrix given in (22) becomes
δMl =

gv 0 gv
gω2v 0 gv
gωv 0 gv
 = UCW

0 0 g
0 0 0
g 0 0
√3v. (23)
The addition of δMl causes the PMNS mixing matrix changed to U
†
13(θ, ξ)U
TBM
0 Pβ.
For Case D, the sum rules are given by Eq.(10).
III. PREDICTIONS OF DIRAC-TYPE CP PHASE
Now, let us review how to predict Dirac-type CP phase in PMNS mixing matrix with
regards to neutrino mixing angles presented in [7]. Multiplying V given in Eq.(1) by phase
matrices Pα and Pβ that can be arisen from the charged lepton sector and neutrino sector,
respectively, we can equate it with the standard parameterization of the PMN mixing matrix
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as follows:
Pα · V · Pβ = UST = UPMNS0 · Pφ
=

c12c13 s12c13 s13e
−iδD
−s12c23 − c12s23s13eiδD c12c23 − s12s23s13eiδD s23c13
s12s23 − c12c23s13eiδD −c12s23 − s12c23s13eiδD c23c13
Pφ. (24)
The equivalence between both parameterizations dictates the following relations,
Vije
i(αi+βj) = USTij = (U
PMNS
0 )ije
iφj . (25)
A. Case A and B
Applying |V13| = |UST13 | and |V11/V12| = |UST11 /UST12 |, we obtain the relations
sin2 θ= 3s213,
cos2 θ=
 2 tan2 θ12 (CaseA),1
2
cot2 θ12 (CaseB),
(26)
which lead to the relation between the solar and reactor mixing angles,
s212 =
 1−
2
3(1−s213) (CaseA),
1
3(1−s213) (CaseB).
(27)
Those relations indicate that non-zero values of s213 lead to s
2
12 < 1/3 for Case A and
s212 > 1/3 for Case B . From |V23/V33| = |UST23 /UST33 |, we also get the relations
| cos η| =

c213(s
2
23−c223)
2s13
√
2−6s213
(CaseA),
c213(c
2
23−s223)
s13
√
2−3s213
(CaseB).
(28)
Now, we demonstrate how to derive δD in terms of neutrino mixing angles in the standard
parametrization. From the components of the neutrino mixing matrix for Case–A, we see
that
V23 + V33
V22 + V32
=
V13
V12
. (29)
From the relation (25), we get the relations
UST13
UST12
=
UST23 + U
ST
33 e
−i(α3−α2)
UST22 + U
ST
32 e
−i(α3−α2) , (30)
UST3i
UST2i
=
V3i
V2i
ei(α3−α2). (31)
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Since V21 = V31,
ei(α3−α2) =
UST31
UST21
. (32)
Plugging Eq.(32) into Eq.(30), we finally obtain the relation
UST13
UST12
=
UST23 U
ST
31 + U
ST
33 U
ST
21
UST22 U
ST
31 + U
ST
32 U
ST
21
. (33)
Notice that the Majorana phases in Eq.(33) are cancelled. Presenting USTij explicitly in terms
of the neutrino mixing angles as well as δD, we get the equation for δD as
cos δD =
−1
2 tan 2θ23
· 1− 5s
2
13
s13
√
2− 6s213
. (34)
Notice that the imaginary part in Eq. (33) is automatically cancelled.
Similarily, we get the relation for Case B,
cos δD =
1
2 tan 2θ23
· 2− 4s
2
13
s13
√
2− 3s213
. (35)
B. Case C and D
Applying |V13| = |UST13 | and |V23/V33| = |UST23 /UST33 |, we obtain the relations
sin2 θ= 2s213,
cos2 θ=
 tan2 θ23 (CaseC),cot2 θ23 (CaseD), (36)
which lead to the relation between the atmospheric and reactor mixing angles,
s223 =
 1−
1
2(1−s213) (CaseC),
1
2(1−s213) (CaseD).
(37)
Those relations indicate that non-zero values of s213 lead to s
2
23 < 1/2 for Case C and
s223 > 1/2 for Case D . From |V11/V12| = |UST11 /UST12 |, we also get the relation
| cos η| = 3c
2
13s
2
12 − 1
2s13
√
2− 4s213
. (38)
We note that both cases lead to the same relation for | cos η|.
Following the same procedures for obtaining Eqs.(34, 35), we get the relations
cos δD =

s213−(1−3s212)(1−3s213)
6s12c12s13
√
1−2s213
(CaseC),
(1−3s212)(1−3s213)−s213
6s12c12s13
√
1−2s213
(CaseD).
(39)
Sustituting experimental values for neutrino mixing angles into Eqs.(34,35,39), we can esti-
mate the values of δD for each cases.
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IV. NUMERICAL RESULTS
For our numerical analysis, we take the current experimental data for three neutrino
mixing angles as inputs, which are given at 1σ − 3σ C.L., as presented in Ref. [5]. This
analysis is, in fact, to update the numerical results for the prediction of δD given in [7] by
taking the new fit to the data [5]. However, as shown later, the results based on 1σ data
is completely different from those in [7]. Here, we perform numerical analysis and present
results only for normal hierarchical neutrino mass spectrum. It is straight-forward to get
numerical results for the inverted hierarchical case, and we anticipate that the conclusion is
not severly changed in the inverted hierarchical case. Using experimental results for three
neutrino mixing angles, we first check if the relations Eqs.(27,37) hold and then estimate
the values of δD in terms of neutrino mixing angles for those four cases.
0.27 0.28 0.29 0.30 0.31 0.32 0.33 0.340
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2 Π
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3 Π
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2 Π
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∆
D
FIG. 1. Prediction of δD in terms of s
2
12 for Case C based on 1σ experimental data.
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A. Results for 1 σ C.L.
Plugging the experimental data for s213 at 1σ C.L. into Eqs.(27,37), we predict the values
of the mixing parameters s212 (Case A and B) and s
2
23 (Case C and D) as follows:
s212 =
 0.318− 0.319(CaseA),0.340− 0.341(CaseB), (40)
s223 =
 0.488− 0.489(CaseC),0.510− 0.511(CaseD). (41)
We see that s212 and s
2
23 are very narrowly determined for the 1σ region of s
2
13. Comparing
the experimental values of s212 and s
2
23 with the above predictions, we see that only Case C
is consistent with experimental results at 1σ C.L.
In Fig. 1, we show the prediction of δD in terms of s
2
12 based on the experimental data
at 1σ C.L. The upper curve in Fig. 1 indicates 1.32pi ≤ δD ≤ 1.52pi which is consistent with
the result of fit for CP phase (1.3pi ≤ δD ≤ 1.92pi) shown in [5].
B. Results for 3 σ C.L.
Plugging the experimental data for sin2 θ13 at 3σ C.L. into Eqs.(27,37), we predict the
values of the mixing parameters sin2 θ12 (Case A and B) and sin
2 θ23 (Case C and D) as
follows:
s212 =
 0.316− 0.321(CaseA),0.340− 0.342(CaseB), (42)
s223 =
 0.487− 0.491(CaseC),0.509− 0.513(CaseD). (43)
Comparing the experimental values of s212 and s
2
23 with the above predictions, we see that
they are all consistent with experimental results at 3σ C.L. In particular, the prediction of
s212 for Case B prefers to nearly upper limit of 3σ allowed region.
Fig. 2 shows the predictions of δD in terms of s
2
23 ((a): Cases A and B) and s
2
12 ((b):
Cases C and D) based on the corresponding experimental data given at 3σ C.L. Regions
surrounded by blue and red lines correspond to Cases (A, C) and (B, D), respectively. The
width of each bands implies the variation of the other mixing angles, s212 (Cases A and B)
11
and s223 (Cases C and D). We see that almost maximal δD ∼ pi/2, 3pi/2 can be achieved by
s223 ∼ 0.5 for Cases–A, B and by s212 ∼ 0.325 for Cases–C,D . The values around 3pi/2 is
consistent with the current fit of the Dirac type CP phase [5].
Comparing those results with the corresponding ones presented in [7], we see that the
shapes of the curves in each cases are nearly unchanged, but the widths of each bands get
much narrower. The allowed regions of s212 above 0.344 for Cases C and D are excluded in
the updated analysis.
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FIG. 2. Prediction of δD in terms of (a) s
2
23 for Cases A and B, and (b) s
2
12 for Cases C and D
based on 3σ experimental data. Regions surrounded by blue (red) lines correspond to Cases A, C
and (B, D).
V. CONCLUSION
As a summary, we have considered how non-zero mixing angle θ13 and CP violation can
be acommodated in a model with A4 flavor symmetry by incorporating symmetry breaking
terms appropriately. The four possible forms of neutrino mixing matrix we considered are
minimal modifications to TBM mixing matrix and factorized by TBM mixing form and
an unitary mixing matrix with an angle and a CP phase corresponding to a rotation in a
plane. We have shown that possible size of the Dirac-type CP phase δD can be predicted
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with regards to two neutrino mixing angles in the standard parametrization of the neutrino
mixing matrix. This has been achieved by equating one of minimally modified TBM mixing
matrix with the standard parametrization of the PMNS one. Based on the current fit results
for the neutrino mixing angles and CP phase, we have seen that the neutrino mixing matrix
corresponding to Case C is consistent with the current fit data at 1σ C.L. whereas others
are not so. This result is different from that in [7]. Extending the anlyais to 3σ C.L., all
cases are consistent with the current fit data. We have presented the numerical results for
the predictions of δD in terms of either s
2
12 or s
2
23 for those cases.
Acknowledgments
The work of S.K.K. was supported by the NRF grant funded by Korea government of
the MEST (No. 2011-0029758).
[1] G. C. Branco, R. G. Felipe and F. R. Joaquim, Rev. Mod. Phys. 84, 515 (2012)
[arXiv:1111.5332 [hep-ph]].
[2] F. P. An et al. [Daya Bay Collaboration],Phys. Rev. Lett, 108,171803 (2012) ; Chin. Phys.
C 37, 011001 (2013) [arXiv:1210.6327 [hep-ex]]; J. K. Ahn et al. [RENO Collaboration],
Phys. Rev. Lett. 108, 191802 (2012) [arXiv:1204.0626 [hep-ex]]; Y. Abe et al. [Double Chooz
Collaboration] Phys. Rev. Lett., 108, 131801 (2012).
[3] B. Pontecorvo. Sov. Phys. JETP, 6:429, 1957 ; Sov. Phys. JETP, 26:984, (1968) ; Z. Maki, M.
Nakagawa and S. Sakata, Prog. Theor. Phys., 28, 870 (1962).
[4] F. Capozzi, G.L. Fogli , E. Lisi, A. Marrone, D. Montanino, A. Palazzo , Phys.Rev. D89,
093018 (2014) [arXiv:1312.2878 [hep-ph]]; see also, G. L. Fogli, E. Lisi, A. Marrone, D. Mon-
tanino, A. Palazzo and A. M. Rotunno, Phys. Rev. D 86, 013012 (2012) [arXiv:1205.5254
[hep-ph]]; D. V. Forero, M. Tortola and J. W. F. Valle, arXiv:1405.7540 [hep-ph].
[5] M. C. Gonzalez-Garcia, M. Maltoni and T. Schwetz, arXiv:1409.5439 [hep-ph].
[6] Below is a list of references showing connections between some of neutrino mixing angles and
CP phases in different ways, but we believe that their predictions are not as general as ours,
and depend on further parameters or assumptions: S. K. Kang, C. S. Kim and J. D. Kim,
Phys. Rev. D 62, 073011 (2000) [hep-ph/0004020]; M. Fukugita and M. Tanimoto, Phys.
Lett. B 515, 30 (2001) [hep-ph/0107082]; C. Giunti and M. Tanimoto, Phys. Rev. D 66,
13
113006 (2002) [hep-ph/0209169]; Z. -z. Xing, Phys. Lett. B 533, 85 (2002) [hep-ph/0204049];
W. -l. Guo and Z. -z. Xing, Phys. Lett. B 583, 163 (2004) [hep-ph/0310326]; S. T. Petcov
and W. Rodejohann, Phys. Rev. D 71, 073002 (2005) [hep-ph/0409135]; R. N. Mohapatra
and W. Rodejohann, Phys. Rev. D 72, 053001 (2005) [hep-ph/0507312]; S. Antusch and
S. F. King, Phys. Lett. B 631, 42 (2005) [hep-ph/0508044]; Z. -z. Xing, H. Zhang and S. Zhou,
Phys. Lett. B 641, 189 (2006) [hep-ph/0607091]; J. Harada, Europhys. Lett. 75, 248 (2006)
[hep-ph/0512294]; R. N. Mohapatra and H. -B. Yu, Phys. Lett. B 644, 346 (2007) [hep-
ph/0610023]; Z. -z. Xing, H. Zhang and S. Zhou, Int. J. Mod. Phys. A 23, 3384 (2008)
[arXiv:0712.2611 [hep-ph]]; S. -F. Ge, D. A. Dicus and W. W. Repko, Phys. Lett. B 702, 220
(2011) [arXiv:1104.0602 [hep-ph]]; D. Marzocca, S. T. Petcov, A. Romanino and M. Spinrath,
JHEP 1111, 009 (2011) [arXiv:1108.0614 [hep-ph]]; H. -J. He and F. -R. Yin, Phys. Rev. D 84,
033009 (2011) [arXiv:1104.2654 [hep-ph]]; C. Duarah, A. Das and N. N. Singh, arXiv:1210.8265
[hep-ph]; N. Razzaghi and S. S. Gousheh, Phys. Rev. D 86, 053006 (2012) [arXiv:1211.4389
[hep-ph]]; Y. Shimizu and M. Tanimoto, arXiv:1405.1521 [hep-ph].
[7] Sin Kyu Kang and C. S. Kim, Phys. Rev. D90, 077301(2014) [arXiv:1406.5014 [hep-ph]].
[8] Particle Data Group, http://pdg.lbl.gov; J. Beringer et al., Phys. Rev. D86, 010001 (2012).
[9] P. F. Harrison, D. H. Perkins and W. G. Scott, Phys. Lett. B 530, 167 (2002) [hep-
ph/0202074]; G. Altarelli, F. Feruglio, L. Merlo and E. Stamou, JHEP 1208, 021 (2012)
[arXiv:1205.4670 [hep-ph]];
[10] X. -G. He and A. Zee, Phys. Lett. B 645, 427 (2007) [hep-ph/0607163]; Phys. Rev. D 84,
053004 (2011) [arXiv:1106.4359 [hep-ph]]; C. H. Albright and W. Rodejohann, Eur. Phys. J.
C 62, 599 (2009) [arXiv:0812.0436 [hep-ph]]; C. H. Albright, A. Dueck and W. Rodejohann,
Eur. Phys. J. C 70, 1099 (2010) [arXiv:1004.2798 [hep-ph]]; Z. -Z. Xing, Chin. Phys. C 36, 101
(2012) [arXiv:1106.3244 [hep-ph]]; Chin. Phys. C 36, 281 (2012) [arXiv:1203.1672 [hep-ph]];
W. Chao and Y. -j. Zheng, JHEP 1302, 044 (2013) [arXiv:1107.0738 [hep-ph]]; S. K. Garg
and S. Gupta, JHEP 1310, 128 (2013) [arXiv:1308.3054 [hep-ph]].
[11] E. Ma and D. Wegman, Phys. Rev. Lett. 107, 061803 (2011).
[12] N. Cabibbo, Phys. Lett. B 72, 333 (1978); L. Wolfenstein, Phys. Rev. D 18, 958 (1978).
[13] G. Altarelli, F. Feruglio and C. Hagedorn, JHEP0803, 052 (2008); G. Altarelli, D. Meloni,
J. Phys. G36, 085005 (2009); M. Hirsch, S. Morisi, J. W. F. Valle, Phys. Rev. D 78, 093007
(2008); M. C. Chen and S. F. King, JHEP0906, 072 (2009); F. Bazzocchi, L. Merlo, S. Morisi,
14
Phys. Rev. D80, 053003 (2009); S. Morisi, J. Phys. Conf. Ser. 203, 012060 (2010); J. Barry and
W. Rodejohann, Phys. Rev. D 81, 093002 (2010); Nucl. Phys. B 842, 33 (2011); L. Dorame,
D. Meloni, S. Morisi, E. Peinado, and J. W. F. Valle, Nucl. Phys. B861, 259 (2012); S. F. King,
A. Merle, and A. J. Stuart, JHEP 1312, 005 (2013), 1307.2901; S. F. King, A. Merle, S. Morisi,
Y. Shimizu, M. Tanimoto, arXiv:1402.4271.
15
